Abstract. Accumulating evidence suggests the involvement of Porphyromonas gingivalis ( P. gingivalis ), a periodontal pathogen, in cardiovascular diseases. Clinical specimens of aneurysmal tissue and dental plaque collected from patients infected with or without P. gingivalis were analyzed. The number of aneurysms in the distal aorta in the P. gingivalis -infected group was significantly higher than that in the non-infected group. Cellular accumulation of adipocytes in aneurysms was less frequently identified in the infected group. The expression of embryonic myosin heavy chain isoform, a phenotypic marker for proliferative smooth muscle cells, was higher in the P. gingivalis -infected group than the non-infected group. Clinical and histopathological features of aortic aneurysms associated with P. gingivalis infection are different from those present in non-infected patients. The major characteristic of P. gingivalis infection associated with aneurysms is smooth muscle cell proliferation in the distal aorta.
Introduction
Chronic marginal periodontitis occurs worldwide and is among the most prevalent microbial diseases in humans (1) . This inflammatory disorder is caused by the complex action of a small subset of periodontal pathogens that are harbored in dental plaque, a complex microbial biofilm. Periodontal inflammation often leads to superficial ulcers on the gingival sulcus, where blood capillaries are exposed to microbial biofilms (2) . It is well known that periodontal pathogens are translocated and released from the sulcus into the bloodstream, and such transient bacteremia has been demonstrated in clinical trials to occur after preventive dental procedures and periodontal therapy, including tooth brushing (3), chewing (4), subgingival irrigation (5), periodontal treatment (6) , and dental extractions (7) , with frequencies ranging from 17% -100% in infected individuals.
Porphyromonas gingivalis ( P. gingivalis ) is a Gramnegative anaerobic bacterium considered to be a periodontal pathogen that causes severe periodontitis. Several epidemiologic studies have indicated the involvement of P. gingivalis in the development of systemic diseases such as cardiovascular disease, diabetes mellitus, preterm low birth weight, and rheumatoid arthritis (1, 8, 9) . Among them, in particular, cardiovascular diseases are considered to be strongly related to the infection of periodontal pathological bacteria (10, 11) . In addition, Editors' consensus about the "Periodontitis and Atherosclerotic Cardiovascular Disease" in the American Journal of Cardiology and Journal of Periodontology indicated the relationship between atherosclerotic cardiovascular disease and periodontitis (12, 13) . In fact, it was reported that the periodontal pathological bacteria including P. gingivalis were detected in specimens of many cardiovascular diseases such as atherosclerosis (14, 15) , arteriosclerotic aneurysms (15, 16) , coronary heart disease (14, 17) , heart valves of endocarditis (15) , and Buerger's disease (18) .
In this review, we summarize the involvement of P. gingivalis in the development of human aortic aneurysm. For the purpose, we describe the clinical and histopathological features of aortic aneurysms in patients infected with periodontal pathogen, P. gingivalis .
Detection of P. gingivalis infection and classification of fimbriae genotypes
We investigated aortic aneurismal specimens and dental plaques collected from patients who underwent surgery for aortic aneurysms. Among them, 64.1% of the patients were infected with P. gingivalis .
P. gingivalis fimbriae, filamentous appendages on the bacterial surface, are classified into 6 genotypes based on the diversity of the fim A genes encoding each fimbria subunit. It was demonstrated that bacterial clones with types II, IV, and Ib fim A are invasive, whereas types I, III, and V are non-invasive (19) . However, it is unknown whether these genotypes are related to the pathogenesis of atherosclerosis and aneurysms. It should be noted that the detection frequency of invasive clones (types II, IV, and Ib fimA ) in P. gingivalis-positive specimens was significantly higher (88.0%) than that of non-invasive clones (types I, III, and V fimA ).
Clinical differences of aortic aneurysms in patients infected with or without P. gingivalis
Classification into complications, such as hyperlipidemia, hypertension (HT), hyperurathemia, and diabetes mellitus (DM), were made according to the diagnostic criteria of the referring physicians. As for complications, HT was the most frequent complication in the patients analyzed in this study (Fig. 1) . Notably, 48% of the patients in the infected group were hypertensive as compared to 21.4% in the non-infected group. Also, the percentage of patients that exhibited coronary artery disease (CAD) in the infected group (40.0%) was greater than that observed in non-infected group (21.4%). As for DM, 3 patients in the infected group exhibited this complication, whereas there were none in the non-infected group. The detection rates of HT, CAD, and DM in the infected group were shown to be higher than those in non-infected group.
The subjects were diagnosed as having a thoracic aortic aneurysm (TAA), thoracoabdominal aortic aneurysm (TAAA), or abdominal aortic aneurysm (AAA); then they were further classified into two categories based on the location of the involved aorta. Aneurysms formed between the ascending aorta and the aortic arch were defined as "aneurysms of the proximal aorta", whereas those located between the descending aorta and abdominal aorta were defined as "aneurysms of the distal aorta". Figure 2 shows the total number of patients in each group based on the results of bacterial detection in dental plaque and aneurysm tissues. A significantly greater percentage of AAAs were identified in the infected group (60.0%) as compared to the non-infected group (21.4%) ( Fig. 2 , P < 0.05). In contrast, TAAs were more frequently found in the non-infected group (78.6%) than the infected group (32.0%). When they were analyzed according to the location in the involved aorta, the infected group had aneurysms in the distal aorta significantly more frequently than the non-infected group (72.0% vs. 28.6%; P < 0.05). As for the size of the lesions, those in non-infected (57.3 ± 12.0 mm) group were slightly larger those in the infected group (51.7 ± 9. Clinical diagnosis and classifications of aneurysmal patients infected with or not infected with P. gingivalis . The subjects were diagnosed as having a thoracic aortic aneurysm (TAA), thoracoabdominal aortic aneurysm (TAAA), or abdominal aortic aneurysm (AAA); then they were further classified into two categories based on the location of the involved aorta. Aneurysms formed between the ascending aorta and the aortic arch were defined as "aneurysms of the proximal aorta", whereas those located between the descending aorta and abdominal aorta were defined as "aneurysms of the distal aorta". mm), although the difference was not significant.
Histopathological evaluations: increase in proliferative smooth muscle cells
We have recently reported that human aortic smooth muscle cells were drastically transformed by infection with P. gingivalis from a contractile to a proliferative phenotype, resulting in an increase in cell proliferation in vitro (20) . The transformation of aortic smooth muscle cells from the contractile to the hyperproliferative phenotype was accompanied with upregulation of the embryonic isoform of myosin heavy chain (SMemb) expression (20) . Figure 3 shows a typical microscopic photograph of SMemb expression in aneurysmal lesions isolated from a P. gingivalis-infected patient. The SMemb expression in infected patients was greater than those in non-infected patients. This result suggests that there is a direct relationship between P. gingivalis infection and proliferation of smooth muscle cells.
In contrast, accumulation of adipose cells was observed more frequently in aneurysmal lesions in non-infected patients than those in infected patients (Fig. 4B , P < 0.05). In addition, there is no significant difference of averaged total cholesterol levels between P. gingivalis-infected and non-infected patients (Fig. 4A) , indicating the possibility of cholesterol-independent etiology of aneurysms.
Concluding remarks
Recent in vitro studies have demonstrated that P. gingivalis possesses properties that are consistent with an involvement in the pathogenesis of atherosclerosis. These include the ability to cause low density lipoprotein oxidation, foam cell formation, and platelet aggregation (11) . In addition, systemic challenge by P. gingivalis has been reported to accelerate atherogenic plaque formation in mice fed a high-cholesterol diet (21) . These results strengthened the hypothesis that P. gingivalis infection may be a risk factor in the development of atherosclerosis. Atherosclerosis is also associated with AAA. However, only 9% -16% of patients with atherosclerosis of the abdominal aorta have been reported to develop AAAs (22) . This indicates that there must be risk factors other than elevated blood cholesterol.
In the present review, we show that aortic aneurysms associated with P. gingivalis infection are obviously different from those of non-infected patients. The aneurysms associated with P. gingivalis infection are correlated with less adipocellular accumulation than non-infected patients, supporting the notion of a cholesterolindependent etiology for P. gingivalis-related aneurysm formation. In fact, no positive correlation between total cholesterol level and adipocellular accumulation was observed (data not shown). We have previously observed that the expression of SMemb by P. gingivalis in cultured human aortic smooth muscle cells is associated with a change of these cells into a proliferative phenotype (20, 23) . Given the increased SMemb expression in the absence of an adipocellular accumulation in P. gingivalisinfected aneurysm, we propose that a novel cholesterolindependent etiology exists in the formation of aortic aneurysmal lesions associated with P. gingivalis (Fig. 5) . Recently, it has been reported that the average total cholesterol levels in Asians is lower than that in Westerns (24) , indicating the potential new risk factor for cardiovascular diseases in Asia.
CAD, DM, and periodontitis are well-known common chronic diseases that have been shown to be closely related to each other (8) . Most of the patients with CAD (10/13) were infected with P. gingivalis . As for DM, only 3 patients were identified as having this complication in this study, all of whom were in the P. gingivalisinfected group. Interestingly, there was a greater percentage of patients with HT in the P. gingivalis-infected group than in the non-infected group. In addition, P. gingivalis-infected specimens showed a significantly higher percentage of the proliferative type of smooth muscle cells, a causative factor in hypertension, compared to the specimens from non-infected patients. Thus, it is possible to speculate that hypertension is an additional, not previously appreciated, complication of infection with P. gingivalis (Fig. 5) .
In our present observations, approximately 88% of the P. gingivalis-infected specimens contained invasive clones (types II, IV, and Ib). Since transient bacteremia can be induced by periodontal bacteria, it is possible to speculate that the clones with high virulence in periodontal disease are also highly virulent in cardiovascular diseases. Our observations and those reported in the literature clearly show that P. gingivalis infection is related to aortic aneurysm formation. Since P. gingivalis is a major pathogen of periodontitis and is detected with high frequency in adults with periodontitis, routine dental checkups and oral hygiene procedures should be regarded as important for the detection of subjects at high risk for developing aortic aneurysms in addition to other systemic diseases.
In conclusion, our review described the clinical and histopathological features of aortic aneurysms associated with P. gingivalis infection. The latter were shown to be different from those detected in non-infected subjects. The major characteristic of aortic tissue associated with P. gingivalis infection was smooth muscle cell proliferation. Moreover, P. gingivalis infection was especially associated with aneurysms of the distal aorta. The present review supports a scenario in which P. gingivalis induces the smooth muscle cell-dependent hyperplasia. 
